The clinical application of nanoparticular Gd(III) based contrast agents for tumor molecular MRI has been hindered by safety concerns associated with prolonged tissue retention, although they can produce strong tumor enhancement. In this study, a targeted well-defined cyclodextrin-based nanoglobular contrast agent was developed through self-assembly driven by host-guest interactions for safe and effective cancer molecular MRI. Multiple β-cyclodextrins attached POSS (polyhedral oligomeric silsesquioxane) nanoglobule was used as host molecule. Adamantanemodified macrocyclic Gd(III) contrast agent, cRGD (cyclic RGDfK peptide) targeting ligand and fluorescent probe was used as guest molecules. The targeted host-guest nanoglobular contrast agent cRGD-POSS-βCD-(DOTA-Gd) specifically bond to α v β 3 integrin in malignant 4T1 breast tumor and provided greater contrast enhancement than the corresponding non-targeted agent. The agent also provided significant fluorescence signal in tumor tissue. The histological analysis of the tumor tissue confirmed its specific and effective targeting to α v β 3 integrin. The targeted imaging agent has a potential for specific cancer molecular MR and fluorescent imaging.
Introduction
Molecular imaging of cancer biomarkers allows detection and differential diagnosis of cancer and monitoring disease progression and facilitates more effective personalized patient care. (1, 2) MRI is a non-invasive clinical imaging modality, produces high-resolution anatomic images of soft tissues, and has the potential for high-resolution molecular imaging of cancer biomarkers for early cancer detection and characterization. Gadolinium(III) based contrast agents have been used to shorten the relaxation times of the surrounding water protons and therefore to enhance image contrast for accurate diagnostic imaging. (3, 4) Small molecular Gd(III) chelates with high chelation stability are routinely used in clinical practice for cancer imaging. However, these chelates are not specific to cancer biomarkers and not suitable for cancer molecular imaging with MRI. Thus, there is a need of safe and effective targeted MRI contrast agents for high-resolution cancer molecular imaging.
Recently, we have shown that small molecular targeted MRI contrast agents specific to biomarkers abundant in tumor extracellular matrix is effective to produce strong signal enhancement for detection of primary tumors and micrometastases in animal models. (5, 6) However, small molecular MRI contrast agents are not effective to detect the biomarkers expressed on cancer cells because of the low concentration of the biomarkers and low sensitivity of MRI. In order to produce MRI detectable signal enhancement for the biomarkers on cancer cell surface, nanocarriers including polymers, dendrimers, liposomes, and nanoparticles have been used to load a large amount of Gd(III) chelates with targeting groups to increase the agent concentration around the cancer biomarkers.(7-9) Although these nanocarrier-based targeted contrast agents have many advantages over small molecular contrast agents, including high relaxivity, (10, 11) high tumor delivery efficiency,(12) strong signal enhancement, (13, 14) and prolonged imaging window, safety concerns associated with their slow excretion and prolonged body retention have hampered clinical development. (15) Cyclodextrins (CDs) is a class of cyclic oligosaccharides with molecular hydrophobic cavities that have been used to form inclusion complexes by selective host-guest interactions. (16) (17) (18) (19) A number of drug-CD complexes have been marketed using the features of CDs, including good bioavailability, reversible binding and release of guest drugs governed by the thermodynamics of the complexes. (16) We hypothesize that loading small molecular MRI contrast agents to a cyclodextrin-containing nanocarrier by the reversible host-guest interaction would benefit from these advantageous features to develop targeted nanoparticular contrast agents for effective cancer molecular MRI and to facilitate the excretion of the contrast agents by their release from the host to minimize the potential contrast related toxic side effects. (20, 21) We intend to design and develop a targeted contrast agent for cancer MR molecular imaging using CD based host-guest chemistry and a well-defined and biocompatible polyhedral silsesquioxane (POSS). This novel targeted hostguest nanosized contrast agent has the potential to provide effective signal enhancement for MR molecular imaging of the biomarkers expressed on cancer cells, while addressing the safety concerns associated with slow excretion of Gd(III)-based nanosized MRI contrast agents.
Here, we synthesized a targeted cyclodextrin-based nanosized MRI contrast agent by hostguest interaction of β-cyclodextrin (βCD) (host molecule) with an adamantane (Ad) (hydrophobic guest molecule) modified targeting agent and imaging agents. Multiple βCDs were conjugated to the surface of a POSS to obtain a nanocarrier with well-defined nanosize. (22) A cyclic peptide containing Arg-Gly-Asp-Phe(D)-Lys (cRGD) was used as a targeting group to selectively bind to α v β 3 intergrins, which are overexpressed on tumor vascular endothelial cells and as well as various tumor cells, such as mammary carcinoma cells. (23) (24) (25) (26) A macrocyclic Gd(III) chelate (Gd-DOTA monoamide) and a fluorescent dye Cy5 were used as bimodal imaging probes. The targeted bimodal contrast agent was readily synthesized by host-guest interaction. The effectiveness of the agent for MR molecular imaging was demonstrated in a mouse 4T1 breast cancer model.
Materials and methods

Materials
All reagents were used without further purification unless otherwise stated. Octa(3-aminopropyl) silsesquioxane hydrochloride (OctaAmmonium POSS·HCl) was purchased from Hybrid Plastics (Hattiesburg, MS). β-cyclodextrin (βCD) and 5-hexynoic acid were purchased from Fisher Scientific (Pittsburgh, PA). 1,4,7,10-Tetraazacyclododecane-1,4,7-tris-tert-butyl acetate-10-acetic acid [DOTA-tris(t-Bu)] was purchased from Macrocyclics (Dallas, TX). 1-Adamantylamine, dicyclohexylcarbodiimide (DCC), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) and tetrakis(acetonitrile) copper(I) hexafluorophosphate were purchased from Sigma Aldrich (St. Louis, MO). 2,3,4,5,6-Pentafluorophenol and trifluoroacetic acid were purchased from Oakwood Products (West Columbia, SC). Fluorophore sulfo-cyanine5 (Cy5) mono-reactive NHS ester was purchased from GE Healthcare (Buckinghamshire, UK). NH 2 -PEG-COOH (MW = 5000 Da) was purchased from Nanocs (NewYork, NY). Benzotriazol-1-yl-oxy-tris(pyrrolidino) phosphonium hexafluorophosphate (PyBOP), 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), and 1-hydroxybenzotriazole hydrate (HOBt) were purchased from Chem-Impex International (Wood Dale, IL). N,NDiisopropylethyl amine (DIPEA), tetrahydrofuran anhydrous (THF) and N,Ndimethylformamide anhydrous (DMF) were purchased from Alfa Aesar (Ward Hill, MA). Cyclic peptide RGDfK (cRGD) and non-specific control cyclic peptide RADfK (cRAD) were synthesized using standard solid phase peptide chemistry from Fmoc-protected amino acids on a 2-chlorotrityl chloride resin followed by cleavage, cyclization and deprotection. (27, 28) 
Methods
1 H NMR and 13 C NMR spectra were acquired on a 400 MHz Varian Inova NMR spectrometer with deuterated solvent as noted. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectra were acquired on a Bruker Autoflex III MALDI-TOF MS in a linear mode with 2,5-dihydroxybenzoic acid (2,5-DHB) as a matrix. Analytical ion-pairing reverse-phase HPLC (RP-HPLC) was performed on an Agilent 1100 series HPLC system fitted with a Beckman Coulter Ultrasphere ODS 4.6 mm × 25 cm, 5 μm pore size column. Preparative runs were performed on a ZORBAX PrepHT C-18 column. Gradient elution was used to characterization and purification. Eluent A was water, B was acetonitrile and flow rate was 1.0 or 5.0 ml min −1 . HPLC method: 0-10 min 100% A, 10-30 min 60% A, 30-35 min 0% A, 35-40 min 0% A, 40-45 min 100% A. Relaxation times of the aqueous solution of the contrast agents with different concentrations were measured at 60 MHz (1.5 T) using a Bruker minispec relaxometer at 37 °C. T 1 was measured with an inversion-recovery pulse sequence. T 2 was measured using a Carr-Purcell-Meiboom-Gill sequence with 500 echoes collected. The T 1 and T 2 relaxivities of the agents were calculated from the slopes of the plots of 1/T 1 and 1/T 2 versus the Gd concentrations.
Synthesis and characterization
2.3.1. Synthesis of pentafluorophenyl 5-hexynoate-5-Hexynoic acid (2.0 g, 17.8 mmol) and pentafluorophenol (3.7 g, 20 mmol) were dissolved in anhydrous THF (200 ml) at room temperature (RT) with stirring. DCC (4.9 g, 24 mmol) dissolved in anhydrous THF (40 ml) was added to the solution and the mixture was stirred at RT overnight. The solution was filtered through celite and the filtrate was concentrated and purified by column chromatography (SiO 2 , hexane/EtOAc=10:1) to give pentafluorophenyl 5-hexynoate as colorless oil (4.4 g, yield 89%). 1 Tosyl-βCD (5 g, 3.89 mmol) and sodium azide (5 g, 7.70 mmol) were mixed in deionized water (500 ml) and the mixture was refluxed with stirring for 72 h. Water was removed by rotary evaporation and the crud product was purified by recrystallization in hot water. The product was collected by filtration and dried in vacuum to give azido-βCD as white solid 
Synthesis of POSS-β-cyclodextrin (POSS-βCD)-
Octapropargyl POSS (0.1 g, 0.06 mmol) and Azido-βCD (0.67 g, 0.58 mmol) was dissolved in a solution of t-butanol (15 ml) and water (10 ml). The solution was bubbled with nitrogen to remove oxygen and then heated to 40 °C. Tetrakis(acetonitrile)copper(I) hexafluorophosphate (6.0 mg, 0.016 mmol) and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (8.5 mg, 0.016 mmol) was added to the solution. The mixture was stirred under a nitrogen atmosphere and kept at 40 °C for 2 days. The solution was filtered and the solvent was removed by rotary evaporator. The product was dissolved in water and dialyzed (Spectra/Pro MWCO 5,000) against water (1 L × 4). The solution was lyophilized to give POSS-βCD as white solid (0.37 g, yield 56%). MALDI-TOF (m/z): 7543.1 (POSS-(βCD) 5 ), 8678.0 (POSS-(βCD) 6 ), 9844.0 (POSS-(βCD) 7 ), 10975.9 (POSS-(βCD) 8 7 mmol) was dissolved in water (120 ml) and pH of the solution was adjusted to 6.5 by NaOH (3 M). Gd(OAc) 3 ·4H 2 O (2.3 g, 7.6 mmol) in water (40 ml) was added in the solution. The mixture was heated to 50 °C and pH of the solution was adjusted to 6.5 every 3-10 h until pH didn't decrease (typically 1-2 day). pH of the solution was then adjusted to 11 to precipitate out the excessive Gd(III). The precipitate (Gd(OH) 3 ) was removed by centrifuge and the solution was dried by lyophilization. The crude product containing NaOAc was purified by preparative HPLC to give Ad-(Gd-DOTA) as white solid (1.5 g, yield 62% Figure S4 ).
Synthesis of 4-((adamantan-1-yl)amino)-4-oxobutanoic acid (Ad-COOH)
(30)-1-Adamantylamine (2.0 g, 13.2 mmol) and DIPEA (2.7 ml, 15.8 mmol) was dissolved in CH 2 Cl 2 (30 ml) and stirred for 30 min. The solution was dropped into a solution of succinic anhydride (1.58 g, 15.8 mmol) in 40 ml CH 2 Cl 2 and the mixture was stirred at RT overnight. The solvent was removed by rotary evaporator. The residue was dissolved in an aqueous solution of NaOH (30 ml, 1.0 M) and the solution was filtered. The pH of the filtrate was adjusted to 7.0 using 1.0 M HCl. The precipitate was collected, washed with deionized water and dried in vacuum overnight to get Ad-COOH as white solid (2. 0 mmol) was dissolved in dioxane (50 ml). DCC (2.0 g, 9.6 mmol) in dioxane (10 ml) was added to the previous solution and the mixture was stirred at RT overnight. The solution was filtered and the solvent was removed by rotary evaporator. The product was purified by recrystallization in hexanes to get Ad-PFP as white solid (3.0 g, 90%). 1 Figure S6-S8 ). 2 -PEG-COOH (Mw = 5000, 0.5 g, 0.1 mmol) and Ad-PFP (62 mg, 0.15 mmol) was dissolved in CH 2 Cl 2 (10 ml). DIPEA (35 μL, 0.2 mmol) was added to the solution and the mixture was stirred at RT overnight. The solution was poured into cold ethyl ether (150 ml) and the precipitate was collected and washed with cold ethyl ether. The product was dried in vacuum overnight to get Ad-PEG-COOH (0.48 g, yield 92%) as white solid.
Synthesis of Ad-PEG-cRGD or Ad-PEG-cRAD-NH
Ad-PEG-COOH (0.4 g, 0.076 mmol) and pentafluorophenol (28 mg, 0.152 mmol) was dissolved in dioxane (10 ml). DCC (32 mg, 0.152 mmol) was added to the solution and the mixture was stirred at RT overnight. The solution was poured into cold ethyl ether (150 ml) and the precipitate was collected and washed with cold ethyl ether. The product was dried in vacuum overnight to get Ad-PEG-PFP (0.35 g, yield 85%) as white solid.
cRGDfK (50 mg, 0.083 mmol) and DIPEA (29 μL, 0.17 mmol) was dissolved in DMF (5 ml). To this solution, Ad-PEG-PFP (0.33 g, 0.062 mmol) was added and the solution was stirred at RT overnight. The solution was poured into cold ethyl ether (100 ml) and the precipitate was collected and washed with cold ethyl ether. The crude product was dried in vacuum overnight and then dissolved in water and purified by Centricon ® filter with a 3000-molecular-weight cutoff (Amicon, Bedford, MA, no. YM-3). The solution was dried by lyophilization to get Ad-PEG-cRGD (0.21 g, yield 58%) as white solid. Ad-PEG-cRAD was synthesized similarly. (Figure S9) 2.3.11. Synthesis of adamantyl sulfo-cyanine5 (Ad-Cy5)-1-Adamantylamine (4 mg, 26 μmol) and sulfo-Cy5-NHS (2 mg, 2.6 μmol) were dissolved in anhydrous DMF (2 ml). The mixture was kept in dark and stirred at RT overnight. The solution was poured into cold ethyl ether (30 ml Figure S10 ).
Self-assembly of POSS-βCD and Ad-(Gd-DOTA)-POSS-βCD (12 mg) and
Ad-(Gd-DOTA) (5.5 mg, 8 μmol) were dissolved in 2 ml deionized water and the mixture was stirred at RT for 30 min. The solution (4 mM Gd 3+ ) and its serial dilutions (2, 1, 0.5 and 0.25 mM Gd 3+ ) were directly used for relaxivity measurement. The Gd 3+ content of each sample was confirmed by ICP-OES after the MR measurement. The self-assembled βCD and Ad-(Gd-DOTA) was prepared similarly.
Self-assembly of POSS-βCD with Ad-(Gd-DOTA), Ad-PEG-cRGD and
Ad-Cy5-POSS-βCD n (12 mg, average Mn=9976 Da, n=7.2, 1.2 μmol) and Ad-PEGcRGD (10 mg, Mn=5800 Da, 1.72 μmol) were mixed in 2 ml deionized water and stirred at RT for 30 min. To this solution, Ad-Cy5 (60 μg in 0.1 ml water, 0.072 μmol)) and Ad-(Gd-DOTA) (5.5 mg, 8 μmol) were added and the mixture was stirred for another 30 min. The solution was filtered through a Centricon filter with 3000-molecular-weight cutoff at 2600 g for 1 h. The Gd 3+ content of the residue was confirmed by ICP-OES and the Cy5 content was measured by UV. The control agent with cRAD or PEG-only was prepared similarly.
Cells and animals
The 4T1-GFP-Luc2 (metastatic murine mammary carcinoma, catalog number: 128090) breast cancer cell line were purchased from Caliper Life Sciences (Hopkinton, MA) and have been authenticated. Cells were maintained as recommended by the provider. All the mice were obtained from Charles River and housed in the Animal Core Facility at Case Western Reserve University. All animal experiments were performed in accordance with the animal protocol approved by the CWRU Institutional Animal Care and Use Committee.
Western Blot
Cells were seeded onto 6-well plates (5000 cells/well) and allowed to adhere overnight. The cells were then incubated with or without TGF-β (10 ng ml −1 ) for 5 days at 37 °C and 5% CO 2 . The detergent-solubilized whole-cell extracts (WCE) were prepared by lysing the cells in cell extraction buffer (FNN0011, Invitrogen). The supernatants were collected, and the protein concentration was determined by protein assay (Bio-Rad). SDS-PAGE and western blotting were performed using 30 μg proteins. The blots were incubated with a rabbit monoclonal anti-integrin α v antibody antibody (ab179475, Abcam) or anti-integrin β 3 antibody (ab75872, Abcam); the anti-β-actin antibody was used for the loading control. The blots were washed and incubated with Rhodamine-Red-X conjugated goat anti-rabbit IgG (H + L). Typoon scanner was used for processing the membrane blotted with RhodamineRed conjugated secondary antibody.
Cellular uptake studied by confocal fluorescence microscope
Cellular uptakes of sulfo-Cy5 labeled nanoglobules were observed using confocal fluorescence microscopy. 4T1 cells were pretreated with TGF-β (15 ng ml −1 , 5 days) to induce up-regulation of α v β 3 integrin. Cells were incubated with nanoglobules (30 μg ml −1 ) at pH 7.4 for 4 h. Hoechst 33342 (Molecular Probes, Eugene, OR) (1 μg ml −1 ) was then added and cells were incubated for 5 min. Cells were then thoroughly washed with PBS at 4 °C for three times. Images were obtained using Olympus FV1000 confocal laser scanning microscope. Hoechst 33342 was observed using 405 nm laser and the emission wavelength was read from 430 to 470 nm and expressed as blue. Cy5 was observed using 635 nm laser and the emission wavelength was read from 655 to 755 nm and expressed as red. Images were produced using the lasers sequentially with a 40× objective lens.
Cellular uptake measured by flow cytometry
4T1 cells were pretreated with TGF-β (10 ng ml −1 ) for 5 days. Cells were seeded onto twelve-well plates (2.0 ml of cell suspension per well) at 2 × 10 5 cells ml −1 and allowed to grow for 24 h. Sulfo-Cy5 labeled nanoglobules were added to each well at pH 7.4 and incubated with cells for 4 h. Cells were then washed with cold PBS twice, harvested by 0.005% trypsin-EDTA, pelleted in Eppendorf tubes and centrifuged at 1000 g for 4 min at 4 °C, and then resuspended in PBS with 2% FBS and filtered through cell strainers. Each sample was analyzed on BD LSRII flow cytometer (BD Biosciences, San Jose, CA) using the 633 nm laser for excitation and the emitted 660/20 fluorescence for detection. Files were collected of 10,000 gated events and analyzed with FlowJo Vx software.
Animal model
Six-week-old femal BALB/c mice (Charles River) were anaesthetized and 4T1-GFP-Luc2 breast cancer cells (5 × 10 5 in 100 μl mixture of PBS and Matrigel) were injected into the flank of mice. The MRI study and fluorescent imaging were performed when the tumor size reached 0.5-1.0 cm in diameter in about 2 weeks.
Contrast enhanced MR tumor imaging
The MRI study was performed using a BrukerBiospec7T MRI scanner (Bruker Corp., Billerica, MA, USA) with a volume radio frequency (RF) coil. Mice were anesthetized with a 2% isoflurane-oxygen mixture in an isoflurane induction chamber. The tail vein of mouse was catheterized with a 30 gauge needle connected with 1.6m tubing filled with heparinized saline. The animal was then moved into the magnet and kept under inhalation anesthesia with 1.5% isoflurane-oxygen via a nose cone. A respiratory sensor connected to a monitoring system (SA Instruments, Stony Brook, NY) was placed on the back to monitor rate and depth of respiration. The body temperature was maintained at 37 °C by blowing hot air into the magnet through a feedback control system. A group of 3 mice was used for each agent. Sagittal section images were acquired with a localizing sequence to identify the tumor Zhou et location, followed by a fat suppression three-dimensional (3D) FLASH sequence and a 2D T1-weighted gradient fat suppression sequence before injection. After pre-injection baseline MR imaging acquisition, the targeted agent, the non-targeted scrambled control or ProHance ® was injected at a dose of 0.1 mmol of Gd kg −1 by flushing with 80 μl of saline. 
Tumor fluorescence imaging
After MR imaging, the mice were sacrificed at 4 h post-injection. Tumors and major organs and tissues, including spleen, liver, lung, brain, muscle and heart were dissected, washed with PBS and imaged on the Maestro FLEX In Vivo imaging system. GFP fluorescence images were obtained using green light filters (excitation: 444-490 nm; emission: 515 nm long-pass filter; acquisition settings: 500-720 in 10 nm steps) and yellow light filters for Cy5 (excitation, 576-612 nm; emission: 635 nm long-pass filter, acquisition settings: 630-800 in 10 nm steps). The Cy5 signal was spectrally extracted from the multispectral fluorescence images with Maestro software (Cambridge Research & Instrumentation, Inc, Woburn, MA) after subtracting the background auto-fluorescence. Regions of interest (ROIs) were selected over the tumors.
Tumor immunofluorescence
Tumors from mice injected with Cy5 labeled targeting agent or non-targeting agent were embedded in optimal cutting temperature compound (O.C.T) and cryo-sectioned into 5-μm slices. For α v or β 3 integrin immunostaining, tissues were stained with a rabbit monoclonal anti-integrin α v antibody antibody (ab179475, Abcam) or anti-integrin β 3 antibody (ab75872, Abcam), followed by Rhodamine-Red-X conjugated goat anti-rabbit IgG (H + L) (Jackson Immuno Research Lab, West Grove, PA). Cell nucleus of the tissues were stained with 4′,6-diamidino-2-phenylindole (DAPI). Tissue slides were imaged on an Olympus FV1000 confocal laser scanning microscope. GFP was observed using 405 nm laser, the emission wavelength was read from 480-495nm and is expressed as green. DAPI was observed using 405 nm laser and the emission wavelength was read from 450-470 nm and is expressed as blue. RhodamineRed was observed using 543 nm laser, the emission wavelength was read from 560-620 nm and is expressed as yellow. Cy5 was observed using 635 nm laser, the emission wavelength was read from 655-755 nm and is expressed as red.
Results and discussions
Synthesis and characterization
The targeted host-guest contrast agent cRGD-POSS-βCD-(DOTA-Gd)-Cy5 was designed to form by self-assembly of β-cyclodextrin (βCD) conjugated polyhedral silsesquioxane (POSS-βCD) and adamantane-functionalized imaging agents and a targeting agent via the host-guest interaction (Fig. 1) . Among many hydrophobic molecules used as guests of βCD cavity, the spherical adamantyl group with a diameter of 7 Å fits inside the βCD cavity and form physical complexes with acceptable association constant (10 3 -10 5 M −1 ).(31, 32) Thus, βCD-adamantane complexes have been used in various supramolecular systems for biomedical applications. (33) (34) (35) The synthesis of the intermediates for the targeted hostguest imaging agent is shown in Fig. 2 . The chemicals were characterized by 1 H NMR, 13 C NMR, MALDI-TOF mass and HPLC spectra (Fig. 3, Figure S1 -S10). The oct(3-aminopropyl)silsesquioxane core (POSS) has a size around 1 nm in diameter with eight functional groups at each corner. (22) POSS-βCD was synthesized by click chemistry between the alkyne-functionalized POSS ( Fig. 2A and 3C , Figure S1 and S2) and azideattached βCD ( Fig. 2A and 3) . POSS was coupled with 5 to 8 βCD as determined by MALDI-TOF mass spectrum (Fig. 3D ). Due to the steric effect, not all the eight branches of POSS were conjugated with βCD. The average molecular weight of POSS-βCD is determined as 9976 Da with around 7.2 βCD per POSS molecule, calculated from its 1 H NMR spectrum from the integration ratio of the peaks at 5.80-5.60 ppm (-OCHO-, βCD) and 0.64 ppm (-SiCH 2 -, POSS). Cyclic RGD as a tumor targeting agent was attached to adamantine group through a PEG spacer with molecular weight of 5000 (Fig. 2B) . Ad-PEGcRGD was designed to incorporate the targeting probe on the POSS surface. Mass spectrometry revealed that the average molecular weight increase from PEG to Ad-PEGcRGD was about 700 Da, indicating the successful attachment of cRGD and Ad to PEG ( Fig. 3F and Figure S9 ). The PEG spacer was introduced between cRGD and POSS core to prepare the targeting system without significantly diminished binding affinity of the cRGD to α v β 3 integrin on cancer cells. (27, 36) Macrocyclic chelates, 4,7,10-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecyl gadolinium (DOTA-Gd), with high thermodynamic and kinetic stability was chosen as MRI contrast agent ( Fig. 2C and 3E , Figure S3 and S4). DOTA and adamantane were coupled through an acetamide bond. Water soluble sulfo-Cy5 was used as a fluorescence probe and attached to an adamantyl group. An excess of adamantylamine was used to react with N-hydroxysuccinimide active ester of sulfo-Cy5 to give Ad-Cy5 ( Fig. 2D and Figure S10 ). The targeted dual imaging agent, cRGD-POSS-βCD-(DOTA-Gd)-Cy5, was obtained by the self-assembly of Ad-PEG-cRGD, Ad-(DOTA-Gd), Ad-Cy5, and POSS-βCD through host-guest interaction at a designated ratio. The agent contains around 5.7 molecules of Gd 3+ , 1.4 molecules of cRGD, and 0.05 molecule of Cy5 per molecule of cRGD-POSS-βCD-(DOTA-Gd)-Cy5 on average, as determined by ICP-OES and UV spectrum. An untargeted dual imaging agent, cRAD-POSS-βCD-(DOTA-Gd)-Cy5, was synthesized with similar content of Gd-DOTA, cRAD and Cy5.
A host-guest POSS MRI contrast agent without the targeting agent, POSS-βCD-(DOTAGd), was synthesized by mixing the aqueous solutions of POSS-βCD and Ad-(DOTA-Gd).
Ad-(DOTA-Gd) has higher solubility in water than POSS-βCD. The solution of POSS-βCD (6 mg ml −1 ) changed from cloudy to clear after the addition of Ad-(DOTA-Gd), which indicated the self-assembly of the host and guest molecules. The r 1 and r 2 relaxivity values of Ad-(DOTA-Gd), βCD-(DOTA-Gd) and POSS-βCD-(DOTA-Gd) at 1.5 T are shown in Fig. 4 . The r 1 relaxivity of Ad-(DOTA-Gd) was 3.17 mM −1 s −1 , measured at 1.5 T and 37 °C, comparable with reported values for clinical small molecular contrast agents. (37) The r 1 relaxivity increased to 6.36 mM −1 s −1 after its complexation with βCD to form βCD-(DOTAGd). The r 1 value further increased to 9.50 mM −1 s −1 when Ad-(DOTA-Gd) was complexed with POSS-βCD to form POSS-βCD-(DOTA-Gd). Comparing with POSS nanoglobular dendrimers POSS-G2-(DOTA-Gd) with covalently attached DOTA-Gd, (13) which has r 1 relaxivity of 7.92 mM −1 s −1 measured at 3T, POSS-βCD-(DOTA-Gd) with DOTA-Gd loaded by host-guest interaction showed comparable r 1 relaxivity. Covalent binding of small molecular Gd(III) chelates to macromolecules slows down the rotational motion of the complexes, thus increases relaxivities.(3) It can be concluded from this study that the noncovalent binding of small molecular Gd(III) chelates to macromolecules or nanoparticules via host-guest interaction will also increase relaxivity. This result is consistent with the previous report that the non-covalent interaction of Ad-(DOTA-Gd) with the cyclodextrin hosts increases relaxivity and their high binding affinity has been approved. (10) The r 1 relaxivity of βCD-(DOTA-Gd) and POSS-βCD-(DOTA-Gd) was two and three times of Ad-(DOTA-Gd), respectively, which indicate the relaxivity increasing rate was size dependent. The addition of the targeting probe Ad-PEG-cRGD and fluorescent probe Ad-Cy5 to POSS-βCD-(DOTA-Gd) has little effect on their relaxivity. cRGD-POSS-βCD-(DOTA-Gd)-Cy5 had similar relaxivity as POSS-βCD-(DOTA-Gd). The results demonstrate that admantanefunctionalized small molecular contrast agent, Ad-(DOTA-Gd), forms host-guest complexes with βCD and POSS-βCD. The nanosized host-guest contrast agents with high relaxivity would provide high contrast enhancement for effective molecular imaging at same dose in target tissue. times higher than that of the cells cultured with the non-targeted controls. The addition of excessive free cRGD blocked the α v β 3 integrin binding site and greatly reduced the uptake of cRGD-POSS-βCD-(Gd-DOTA)-Cy5. There is no difference in fluorescence intensity for the cells cultured with cRAD-POSS-βCD-(Gd-DOTA)-Cy5 and PEG-modified POSS-βCD-(Gd-DOTA)-Cy5. The cellular uptake of the different agents to the 4T1 cells was further investigated by confocal laser scanning microscopy (Fig. 5D) . cRGD-POSS-βCD-(Gd-DOTA)-Cy5 showed significantly higher binding to 4T1 cells than cRAD-POSS-βCD-(Gd-DOTA)-Cy5. The fluorescence images also revealed that cRGD-POSS-βCD-(Gd-DOTA)-Cy5 was localized in the cell cytoplasm rather than the nuclei, which was consistent with the reported intracellular distribution of nanoparticle by integrin-mediated endocytosis. (44, 45) The uptake of cRGD-POSS-βCD-(Gd-DOTA)-Cy5 greatly decreased in the presence of excessive free cRGD. These studies demonstrated the enhanced cellular uptake of cRGD-POSS-βCD-(Gd-DOTA)-Cy5 by receptor mediated endocytosis.
Binding of the targeted agent to
In vivo MR tumor molecular imaging
In vivo MRI experiments were carried out in mice bearing 4T1-GFP-Luc2 flank tumors (Fig. 6A ). Fat-suppressed T 1 -weighted 2D spin echo MR images of the tumor enhanced with cRGD-POSS-βCD-(DOTA-Gd)-Cy5, a non-targetd control agent cRAD-POSS-βCD-(DOTA-Gd)-Cy5, and a clinical control Gd(HP-DO3A) (ProHance ® ) are shown in Fig. 6B and C. The The targeted contrast agent, cRGD-POSS-βCD-(DOTA-Gd)-Cy5, resulted in stronger contrast enhancement than both controls, especially in the tumor periphery. It was noticed that the contrast enhancement in the tumor periphery with the targeted agent was much higher than that in the tumor interior, because the tumor periphery was rich of angiogenic vasculatures where α v β 3 integrin were highly expressed on endothelial cells. Quantitative analysis of the signal enhancement ratio (ER) in the tumor before and after the injection of contrast agents were measured and plotted in Fig. 6D . The targeted nanoglobular contrast agent produced strong and prolonged contrast enhancement in the tumor in comparison with the control agents due to high relaxivity and specific target binding in tumor. The ER of targeted agent gradually increased to approximately 1.5-fold during the first 10 min and slowly dropped to about 1.3-fold in 30 min, whereas the nontargeted agent generated about 1.3-fold ER at first 5 min and dropped to around 1.2-fold in 30 min. ProHance ™ produced lower ER in tumor than that of the nanoglobular contrast agents because of its nonspecific binding and low relaxivity. The targeted agent cRGD-POSS-βCD-(DOTA-Gd)-Cy5 produced maximum signal enhancement in the tumor at the first 10 min post-injection and then the signal gradually decreased over time, suggesting that Ad-(DOTAGd) could gradually dissociate from the cyclodextrin hosts and clear from the target sites. Quantitative analysis of MR signal in the blood of the heart revealed approximately 2.5 and 2.4-fold of increased enhancement ratio (ER) at 2 min post-injection of targeted and nontargeted nanoglobular contrast agent, respectively, whereas the ER of the ProHance ™ control was about 1.9-fold after 2 min and dropped to background levels within 30 min (Fig. 6E) . The difference of the enhancement ratios in the blood among the nanoglobular agents was not significant. The nanoglobular contrast agents produced stronger and more prolonged signal enhancement in heart than that of small molecular contrast agent ProHance ™ because of their greater relaxivity and larger size. Furthermore, ER observed in the kidney for the targeted contrast agents gradually decreased from 2.2-2.3 to 1.7-1.8, while ProHance ™ dropped rapidly from 2.0 to 1.3 (Fig. 6F) . It can be concluded that the host-guest targeted contrast agents can be excluded from the body by the renal filtration, which may partly attribute to the releasing of small molecular Ad-(DOTA-Gd) loaded by the reversible hostguest interaction. Rapid excretion of Gd(III) based contrast agents after the diagnostic imaging is essential to minimize potential toxic side effects and thus critical for clinical applications. (3) It is generally challenging to image biomarkers expressed on cancer cell surface with contrast enhanced MRI due to their low concentration of the biomarkers and low sensitivity of MRI. Although conjugation of Gd(III) chelates to nanosized carriers can deliver a large amount of Gd(III) contrast agents to the biomarkers to generate sufficient signal enhancement for detection, safety concerns associated with prolonged tissue retention hinder the translational development of such targeted contrast agents. Comparing with traditional nanosized contrast agents, the host-guest nanostructure in cRGD-POSS-βCD-(DOTA-Gd)-Cy5 allows facile loading of multiple Gd(III) chelates by self-assembly to increase the local concentration of the contrast agent, producing detectable signal enhancement for molecular imaging of α v β 3 integrin on breast cancer cells. The reversible interactions of the host molecules and the nanosized guest carrier can facilitate the clearance of Gd(III) based contrast agent after the diagnostic imaging and dissociation of the contrast agents, and alleviate potential toxic side effects. (21, 33, 46) The host-guest nanostructure also has the versatility to load different imaging probes for multimodal molecular imaging.
The effectiveness of molecular MRI with targeted nanosized host-guest MRI contrast agents can be improved by increasing the loading of the contrast agent in the design of next generation of the targeted host-guest contrast agents. We have recently synthesized nanoglobules with well-defined structures and high surface functionalities based on the POSS core. (22, 47) The nanoglobules have been used in the synthesis of nanosized targeted contrast agents for molecular imaging. (13, 14, 22) High surface functionality of the nanoglobules will also increase the load of contrast agents in targeted nanosized host-guest MRI contrast agents to further improve the sensitivity for MR molecular imaging of the biomarkers expressed on cancer cell surface. High functionalities of the nanoglobular hostguest structures will further expand versatility for both diagnostic and therapeutic applications. Molecular probes for other imaging modality and therapeutics can also loaded in the highly functionalized nanoglobular host-guest structures for multi-modal imaging and targeted drug delivery. Further studies will focus on the optimization of the structures of the targeted nanosized host-guest MRI contrast agents and comprehensive assessment of their tumor targeting efficiency, pharmacokinetics, biodistribution, and safety.
Ex vivo fluorescent imaging
Binding of the cRGD targeted host-guest imaging agent was further confirmed by fluorescence imaging. Fig. 7 shows the GFP and Cy5 fluorescence images of the tumor and major organs acquired 4 h after the injection of cRGD-POSS-βCD-(DOTA-Gd)-Cy5. 4T1-Luc2-GFP tumor tissue was labeled with GFP and expressed as green. Substantial Cy5 red fluorescence was detected in the breast tumor of mice injected with cRGD-POSS-βCD-(DOTA-Gd)-Cy5, whereas little red fluorescence was found in the tumor from the mice injected with cRAD-POSS-βCD-(DOTA-Gd)-Cy5. No significant fluorescence was detected in healthy organs and tissues except the kidney for the targeted agent.
Histological analysis
Tumor specific targeting ability of cRGD-POSS-βCD-(DOTA-Gd)-Cy5 was further demonstrated by high-resolution fluorescence imaging of tumor sections (Fig. 8 A and B ). Significant Cy5 fluorescence was observed in the tumor tissues from the mice injected with targeted agent, while little Cy5 fluorescence was shown in the tumor tissues with the nontargeted control agent. The Cy5 fluorescence intensity in tumors from the mice injected with the cRGD targeted agent was 2.62 times of that in the tumor injected with the cRAD-loaded agent. Immunostaining of tumor sections with the antibodies against α v and β 3 integrins showed abundant α v β 3 integrin in the tumor tissue. Cy5 fluorescence from cRGD-POSS-βCD-(DOTA-Gd)-Cy5 colocalized with α v or β 3 integrin immunostaining ( Fig. 8 C and D) .
These results confirmed that the cRGD targeted host-guest contrast agent cRGD-POSS-βCD-(DOTA-Gd)-Cy5 specifically bound to the α v β 3 integrin in malignant breast cancer.
Target specific binding of cRGD-POSS-βCD-(DOTA-Gd)-Cy5 in the tumor produced significant MR signal enhancement for high-resolution MR molecular imaging.
Conclusions
We developed a nanosized targeted host-guest contrast agent cRGD-POSS-βCD-(DOTAGd)-Cy5 for cancer molecular imaging of α v β 3 integrin in tumor vascular endothelial cells and as well as on various tumor cells. The contrast agent was formed by host-guest interactions between the adamantine modified imaging agents and targeting agent and β-cyclodextrin. cRGD-POSS-βCD-(DOTA-Gd)-Cy5 resulted in strong and prolonged tumor contrast enhancement. The combination of MRI, fluorescent imaging and histological analysis demonstrated that cRGD-POSS-βCD-(DOTA-Gd)-Cy5 could effectively and specifically target to α v β 3 integrin overexpressed in tumors. This agent has a potential for accurate detection and localization of breast cancer.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A targeted host-guest MRI contrast agent, cRGD-POSS-βCD-(DOTA-Gd)-Cy5, selfassembled from POSS-βCD, Ad-PEG-cRGD, Ad-(DOTA-Gd) and Ad-Cy5 by host-guest interaction. This agent can preferentially bind to α v β 3 receptors on tumor vascular endothelial cells and as well as the malignant breast cancer cells, and produce strong MR signal enhancement in tumor tissue. 
